Abstract We sought to determine whether global and regional left ventricular (LV) strain parameters were altered in repaired coarctation of the aorta (COA) with normal LV ejection fraction (EF) when compared with healthy adult controls, and whether such alterations were related to LV hypertrophy (LVH). We identified 81 patients after COA repair (31 female, age 25 ± 8.5 years) with inclusion criteria at follow-up CMR of: age C13 years, time post-repair C10 years, no aortic valve disease, LV-EF [50 %). LV deformation indices derived using CMR-feature tracking and volumetric EF were compared between COA patients and normal controls (n = 20, 10 female, age 37 ± 7 years), and between COA with versus without LVH. In repaired COA versus controls, LV-EF (%) was 62 ± 7.2 versus 58 ± 3.0 (p = 0.01), and LV mass (g/m 2 ) 66 ± 16.8 versus 57.7 ± 6.0 (p = 0.0001). LV global longitudinal strain (GLS) was decreased to -17.0 ± 4.7 % in COA (-20 ± 5 % in controls, p = 0.02), and global radial strain (GRS) reduced to 40 ± 15 % (50 ± 12.4 % in controls, p = 0.003). The global circumferential strain (GCS) was preserved in COA at -23 ± 4.7 % (-24.6 ± 2.4 % in controls, p = 0.14). Regionally, LS decrease was marked in the basal segments (septal, p = 0.005, lateral, p = 0.013). In COA with LVH (n = 45, mass 76.3 ± 12.8 g/m 2 ) versus without LVH (n = 36, mass 52.2 ± 10 g/m 2 ), GLS was more markedly decreased (-15.7 ± 4.8 vs. -18.5 ± 4.2 %, p = 0.016, but GRS and GCS were similar (p = 0.49 and 0.27). In postrepair COA with normal LV-EF, GLS and GRS are reduced whilst GCS is preserved. GLS reduction is more pronounced in the presence of LVH. GLS may qualify as indicator of early LV dysfunction.
Introduction
Coarctation of the aorta (COA) is a common lesion that accounts for 4-7 % of patients presenting with congenital heart disease (CHD) [1] . Patients born with COA typically receive surgical or transcatheter interventional therapy in infancy or childhood. Despite apparently successful relief of obstruction, late cardiovascular problems including systemic hypertension, left ventricular (LV) hypertrophy, heart failure, coronary heart disease, stroke and sudden cardiac death result in reduced life expectancy [2, 3] .
There are relatively few data available regarding the effects of transcatheter and surgical treatments for COA on LV mechanics in the long term. Increased pump function [4, 5] , as well as increased load-independent indexes of contractility [6, 7] have been reported after successful repair of COA in childhood. This would suggest alterations in ventricular performance long-term after successful repair, but the mechanisms responsible are incompletely understood. Conventional shortening and volumetric indices (e.g. ejection fraction, EF) quantify global pump function, but not the intrinsic myocardial contractile function [6] .
Cardiovascular Magnetic Resonance (CMR) is increasingly used for non-invasive surveillance of adolescents and adults with repaired CHD because of its utility for evaluation of ventricular function and extracardiac thoracic vasculature. A CMR based feature-tracking (CMR-FT) method for quantitative assessment of cardiac mechanics has been recently introduced [8, 9] . This can be applied to standard vertical or horizontal long axis and mid ventricular short axis CMR images, allowing derivation of global and regional deformation using a semi-automatic myocardial tracking algorithm. CMR-FT is a relatively simple technique analogous to echocardiographic speckle tracking that does not require special image acquisition or complex post processing, and can be applied to previously acquired CMR images. Using CMR-FT, we have recently reported the feasibility of detecting quantitative changes in myocardial strain during dobutamine stress CMR [10] . The technique has been validated against harmonic phase myocardial tagging [8] , and used to identify deformation abnormalities that correlated with myocardial scarring [11] . It has also shown promise in preliminary applications for CHD, including single ventricle [9] and repaired tetralogy of Fallot [12] .
The aim of this study was to test the hypothesis that LV myocardial deformation indices measured by CMR-FT are altered in patients with repaired COA and normal LV EF, relative to healthy adult controls.
Methods

Patients
This was a single-center, retrospective observational study. Databases at the University of Nebraska Medical Center and Children's Hospital and Medical Center were reviewed to identify patients who had surgical or transcatheter treatment for COA and with the following inclusion criteria: (1) age C13 years, (2) CMR performed as part of clinical surveillance of repaired COA from 2006 to 2011, (3) EF on CMR [50 %, and (4) C10 years elapsed between treatment of COA and CMR evaluation. Studies in patients who had any cardiac lesion other than bicuspid aortic valve in association with COA (atrial septal defect, ventricular septal defect, subaortic stenosis, mitral valve disease at the time of COA repair or on follow up), or noncardiac conditions (diaphragmatic hernia, chromosomal abnormalities including Turner's, DiGeorge, trisomies) were excluded. Patients with any grade of aortic stenosis and/or regurgitation were excluded based on most recent echocardiogram reports and aortic regurgitation fraction cutoff of 5 % on CMR phase contrast flow mapping. Patients who had evidence of recoarctation (defined as residual narrowing/diameter of descending aorta at the diaphragm B0.5) or aneurysm formation on CMR, and those who were on beta-blockers preceding the CMR were also excluded. Of 164 CMR studies performed for COA follow up, 94 met the inclusion criteria. Thirteen studies that did not have good quality images suitable for analysis were excluded yielding a study cohort of 81 patients. All selected studies had very good quality images suitable for analysis.
Demographic data of patients including age, gender, antihypertensive medication, aortic valve morphology (bicuspid vs. tricuspid), type of surgical (patch repair, subclavian flap arterioplasty, extended end-to-end repair, tube graft placement) or transcatheter (balloon angioplasty, stent angioplasty) interventions, and number of previous interventions were obtained. Twenty normal adult controls were recruited to derive normative CMR-FT data. The recruited controls were not currently active in competitive sports, had no history of cardiac or any other chronic illness, and were normotensive on the day of the study. The Institutional Review Board of the University of Nebraska Medical Center approved the study protocol and the normal controls recruited for the study signed informed consent.
Cardiac magnetic resonance imaging CMR studies were performed on a 1.5 Tesla Philips Intera scanner (Philips Medical Systems, Best, The Netherlands). Ventricular dimensions and function were assessed with an electrocardiogram-gated steady state free-precession cine MR pulse sequence during brief periods of breath holding in the vertical long-axis (2-chamber), horizontal long-axis (4-chamber), and short-axis planes. The short axis plane was perpendicular to the ventricular long-axis based on the previous 4-chamber images, with 12-14 equidistant slices (slice thickness 6-8 mm; interslice space 0-2 mm) completely covering both ventricles. The CMR data was analyzed using commercially available computer workstation (Extended MR work space version 2.6.3.2, Philips Medical Systems, Best, The Netherlands). The end-diastolic and end-systolic volumes, mass at end diastole, stroke volumes, and EF were measured for the LV using commercial software (View Forum, Philips Medical Systems). Ventricular end-diastolic volumes and mass were adjusted to body surface area using the Haycock formula. Each recruited control underwent quantitative CMR assessment from steady state free-precession cine images acquired at rest in the vertical long-axis, horizontal long-axis (4-chamber), and short-axis planes using the protocol as above.
CMR feature tracking CMR cine images were analyzed offline by a single observer (JV) using 2D cardiac performance analysis-MR (2011 version, TomTec Imaging Systems, Unterschleissheim, Germany). Horizontal long axis and mid-ventricular short axis images were used for CMR-FT analysis. The horizontal long axis image was used to derive LV longitudinal strain and mid-ventricular short-axis slice containing both papillary muscles was used to obtain circumferential and radial strain. The software does allow analysis of each short axis image in a stack, however we chose to select the mid-ventricular slice to reduce potential tracking errors for the following reasons: (1) As radial strain measures wall thickening, the application of 2D tracking to measure radial strain is very sensitive to the chosen region of interest width, which can vary at the different slice levels; (2) the long axis (out-of-plane) motion of the heart, an issue that affects short axis tracking, is greater at the base than in the mid-ventricular level; and (3) consideration of the time required for analysis, and possible avoidance of redundant data. The right ventricular upper septal insertion point of the LV was manually detected to allow accurate segmentation in accordance with a standard model [13] . After placing points along the LV endocardium in a single frame, endocardial contours were manually drawn by one observer in all analyzed slices. This was followed by semi-automated feature tracking by the software. Multiple manual corrections were required in order to achieve good quality tracking. The software provided segmental and global values for velocity, displacement, and strain. Figure 1 shows a representative example of the tracking of LV in both views and the strain data obtained. Based on gender and body surface area specific nomograms published by Sarikouch et al. [14] , the COA group was subdivided into those with normal indexed LV mass and increased indexed LV mass (defined as LV mass above the 97th percentile). A second observer (SK) repeated CMR-FT measurements in 15 randomly selected normal controls to assess interobserver variability.
Statistical analysis
All data are presented as means ± standard deviations or medians and ranges. Statistical comparisons were performed with a two-tailed unpaired Student's t-test. Strain data were compared between the COA group and normal controls, and between the COA subgroups with and without LV hypertrophy. Inter-observer variability was determined using Bland-Altman analysis to identify possible bias (mean divergence) and the limits of agreement (2 standard deviation of the divergence). A value of p \ 0.05 was considered statistically significant. Statistical analysis was performed with the SPSS version 17.0.2 software package (SPSS Inc., Chicago, IL, USA) and MedCalc version 11.6.1 for Windows (MedCalc Inc., Mariakerke, Belgium).
Results
Demographic data and indices of global LV function in patients and normal controls are summarized in Table 1 . Eighty-one patients were studied; the mean patient age was 24.9 ± 8.5 years. CMR examinations were performed at a mean of 16.5 ± 1.3 years after the first COA repair. Of the 81 patients, 52 had surgical repair of COA, 21 had balloon angioplasty, and information about previous intervention was unknown in 8. One patient had an additional surgical intervention after the primary surgical repair. Twenty-three patients had history of hypertension and 21 (26 %) of them were on antihypertensive medication (s) at the time of CMR examination. The antihypertensive regimen was at the discretion of the treating cardiologist and consisted of single or combination therapy with angiotensin converting enzyme inhibitor (enalapril, lisinopril, benazepril or fosinopril), angiotensin II receptor antagonist (losartan, valsartan), calcium channel blocker (amlodipine) or thiazide diuretic (hydrochlorothiazide). Two patients with mild hypertension were on no medications. Of 23 patients with history of hypertension, 19 had increased indexed LV mass on CMR. The LV EF and indexed LV mass were 61.8 ± 11.6 % and 65.7 ± 16.8 g/m 2 in the COA group. For the normal controls, LV EF was 57.5 ± 4.0 % and indexed mass 57.7 ± 6.0 g/m 2 .
Global deformation indices
It was feasible to derive deformation indices for all subjects using CMR-FT. LV strain data from all patients with COA, the subgroups with normal (n = 36) and increased indexed LV mass (n = 45), and normal controls are summarized in Table 2 . The LV global longitudinal (GLS), circumferential (GCS) and radial strains (GRS) in COA (%) were -17.0 ± 4.7, 23.0 ± 4.7 and 40.0 ± 15; the respective indices in controls (%) were -20 ± 5, -24.6 ± 2.4 and 50 ± 12.4. Compared to normal controls, the COA group showed decreased LV GLS (p = 0.02) and GRS, (p = 0.003). GCS strain tended to be lower in the COA group compared to controls, but this did not reach statistical significance (p = 0.14). The LV GLS (%, mean ± standard deviation) was -15.7 ± 4.8 in the increased LV mass subgroup and -18.5 ± 4.2 in those with normal LV mass. Comparisons of strain between the subgroups with increased and normal LV mass showed decreased LV GLS (p = 0.016) in the former, whereas the differences in GCS and GRS did not reach statistical significance (Fig. 2) . Compared to normal controls, the COA group with normal LV mass showed no significant difference in GLS (p = 0.29) and GCS (p = 0.29), but decreased GRS (p = 0.04). Representative examples of longitudinal strain curves in a normal adult control and in COA with and without LV hypertrophy are shown in Fig. 3 .
Segmental deformation indices
Segmental indices of LV deformation derived from short axis and horizontal long axis steady state free precession cine are shown in Tables 3 and 4 . The decrease in longitudinal strain was marked in the basal segments of the LV; mean basal septal and basal lateral segmental strains in COA (%) were -14.3 and -19.5, while corresponding segmental strains in normal controls (%) were -22.6 and -27.0. Radial strain displayed significant regional heterogeneity in COA, with higher values in the septal and anteroseptal segments and lower values in the remaining segments, as compared to controls.
Bland-Altman analysis showed good agreement between observers for GLS and GCS, and higher variability for GRS (Fig. 4) . The reproducibilities for GLS, GCS, and GRS measurements were 97.8, 97.5 and 95.6 % respectively. The respective degrees of bias for GLS, GCS and GRS were -1.57, -0.01 and -0.32 and the limits of agreement were -0.32 ± 2.14, -0.01 ± 3.41 and -1.57 ± 10.8. A sub-analysis was performed to explore the relation between (a) the age at COA treatment and (b) the type of treatment with the presence of LV hypertrophy. No statistically significant associations were found; the respective p values were 0.184 (the type of repair vs. LV mass) and 0.300 (LV mass in patients treated \1 year vs. [1 year of age).
Discussion
Patients after COA repair are prone to significant late cardiovascular abnormalities that may cause important morbidity and mortality. Systemic hypertension is common and can lead to ventricular hypertrophy, premature atherosclerosis and coronary heart disease [15] . In this context, CMR is a well-established and cost-effective modality to follow up COA repair [16, 17] and considered the present day reference standard for assessment of ventricular function [16] .
Study findings
This is the first report of quantifying LV myocardial deformation in COA from standard CMR images routinely performed to assess LV function. All three principal patterns of LV deformation: longitudinal, circumferential and radial were studied. Importantly, we found evidence that even in the presence of a normal LV systolic function; the GLS and GRS were significantly reduced when compared with healthy controls. Although this observation was made for the whole population of patient post COA repair, the reduction of GLS was even more obvious in those patients with LV hypertrophy. Despite reduction in LV GLS and GRS, GCS in COA remained reasonably well preserved.
Altered LV mechanics after COA repair Altered LV function has been observed in children years after COA repair by 2-dimensional echocardiography [4] . Greater fractional shortening, peak shortening velocity, and increased LV mass are reported after COA repair relative to healthy controls [4] . Diastolic filling abnormalities occur in association with increased systolic blood pressure and LV mass index [4] . Increased LV contractility manifested as increased wall stress to rate-corrected velocity of shortening has also been identified in a significant number of patients after COA repair [7] . Standard volumetric indices such as LV EF provide a global assessment of LV function, but do not indicate intrinsic contractile function. On the other hand, indices of myocardial deformation (strain and strain rate) have been shown to detect early myocardial abnormalities and contractile dysfunction [18, 19] . In an echocardiographic study of patients with impaired LV systolic function, Stanton et al. have identified GLS as a superior predictor of outcome to either EF or wall motion score index and suggested that GLS may become the optimal method for assessment of global LV systolic function [20] . Moreover, late after repair in tetralogy of Fallot with normal LV EF, Kempny et al. have observed that two dimensional echocardiography derived GLS is significantly reduced, suggesting subclinical LV myocardial dysfunction [21] . The value of strain imaging has also been suggested in COA and in aortic stenosis, both conditions with increased LV afterload [19, 22] . Impaired longitudinal deformation was shown after COA repair that correlated with the age at repair and systolic blood pressure, and this matches our observations [22, 23] . Others have noted decreased segmental and GLS in both children and adults with aortic stenosis [18, 19, 24] . Another index of deformation, LV torsion, is increased as compensatory adaptation to increased pressure load [24] . 
Changes in deformation with ventricular hypertrophy
It is noteworthy that in our COA population GLS was significantly more reduced in the presence of LVH (compared to normal LV mass), whereas GCS and GRS were similar. Hence it could be speculated that deformation in the LV subendocardial longitudinal fibers may be more affected, relative to subepicardial and circumferential midwall fibers. Alterations in LV GLS with preservation of radial and circumferential deformation like those reported here, have been described in systemic hypertension, suggesting that this abnormal pattern of LV deformation results from afterload induced myocardial hypertrophy. In contrast, others have found a compensatory increase in radial function in patients with LV hypertrophy [25] , perhaps responsible for their hyperdynamic EF measurements. LV hypertrophy allows preserved EF and normal fiber shortening at the endocardium despite decreased longitudinal fiber shortening [26] , but hypertrophy is also associated with decreased capillary density [27] . Hypertrophy associated altered coronary flow reserve [28, 29] may contribute to LV dysfunction in the long term. However, in the setting of repaired COA, additional factors likely contribute to myocardial structural changes, and require further investigation. For example, changes in central aortic and conduit vessel compliance and abnormal ventriculoarterial coupling are known to alter LV load [30] . Reduced proximal aortic strain and increased stiffness are seen after COA repair, which may also contribute to hypertension and increased LV burden [31] .
Late hypertension is common despite successful repair of COA, and its reported prevalence varies depending on the diagnostic criteria used. Importantly, hypertension often recurs during long-term follow up. Though the prevalence of late hypertension is likely related to the age at COA repair and to the duration of follow-up as has been previously shown, the exact etiology is unknown. Several theories have been proposed, including abnormal aortic compliance, neuroendocrine activation, and abnormal baroreceptor function. In some patients, despite normal resting values, blood pressure abnormalities such as elevated values on ambulatory monitoring, decreased diurnal variation, and abnormal response to exercise have been demonstrated. Undoubtedly, a combination of factors is likely responsible, and our data is inadequate to draw definitive conclusions.
CMR-FT in comparison with other modes of deformation imaging
Two-dimensional echocardiography derived LV GLS has been shown to have superior incremental prognostic value over conventional measures of LV systolic function [20] . Most studies on deformation assessment have utilized echocardiography, the accuracy of which is dependent on two-dimensional image quality. Higher temporal resolution of two-dimensional echocardiography is an advantage over CMR, however greater signal to noise ratio makes CMR-FT potentially superior to echocardiography in image quality and border tracking. CMR-FT enables derivation of global and segmental myocardial deformation from standard cine CMR. Therefore, as in our study, a comprehensive analysis of myocardial function and mass can be combined into a single modality. LV GLS had the best interobserver agreement, followed by GCS, while GRS showed wider degrees of divergence between observers. This pattern is very similar to reports of interobserver agreement in the echocardiography literature. Myocardial tagging is an alternative CMR tool for deformation assessment that has been shown to be feasible in adults with aortic stenosis [23, 32] , but involves special image acquisition (with inherent dependency on the contrast between the tag lines and the myocardium), and more demanding post-processing not associated with CMR-FT. This study has several limitations. Though non-invasive blood pressure gradients were obtained during yearly clinic visits in our study cohort, simultaneous blood pressure data were not available with CMR. Thus, the available data does not allow us to sort out the importance of this confounding variable on the altered LV mechanics. It is possible that all the changes in strain uncovered in this work may be primarily related to the presence of systemic hypertension rather than the late effects of COA repair. Athletes were excluded from the control group, and the controls were not age and gender matched. This yielded a somewhat older control group, which did not include a potentially useful subgroup of patients with physiologic hypertrophy (competitive athletes). The relatively small numbers of patients with LV hypertrophy precluded meaningful exploration for correlations of decreased strain with myocardial late enhancement, a well-studied CMR marker for myocardial fibrosis. Prior to routine application of CMR-FT in children with COA, derivation of normal ranges for deformation indices in the pediatric age group is necessary considering age, gender and allometry. Finally, the study design did not permit correlation of measurements of deformation with clinical outcomes.
Conclusions
CMR-FT allowed quantification of global and segmental LV mechanics and changes with LV hypertrophy in young adults long-term after aortic COA repair. Reduced global longitudinal and radial strains were found with normal LV EF late after effective repair. LV deformation indices are potentially useful in the clinical follow up of COA, with LV global longitudinal strain showing promise as a robust index. Further studies are necessary to evaluate the relationship between LV deformation indices and clinical outcomes in patients after COA treatment.
